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INTRODUCTION

Cryogenically cooled Fourier transform spectrometers
are valuable tools for performing spectral measurements of
weak or low temperature infrared emitting sources. In recent
years, cooled FTS systems have been develcoped for laboratory
measurements and for atmospheric and planetary studies. They J
have been developed for use on rockets, balloons, aircraft,
satellites, and the ground.

The high sensitivities which are characteristic of these
cooled spectrometers make it possible to perform studies
which would otherwise be impossible or impractical. Some
typical and potential uses of the instruments include the
following: (1) Measurements of upper atmospheric chemi-
luminescence from airglow and aurora; (2) measurements of
\ emissions generated in laboratory simulations of the atmos-
phere and other weak sources; (3) background studies of the
atmosphere in window regiocns; and (4) measurements of the
atmosphere and surface of planets, etc.

In this paper, some of the advantages and limitations of
cooling an FTS are reviewed. Some practical cooling techniques
are discussed and some descriptions of coolable Michelson
interferometer-spectrometers that have been developed or used
3 E, by Utah State University and the Air Force Geophysics
; Laboratory are presented. Also, a minimal amount of atmospheric
measurement data will be presented to illustrate actual

sensitivities obtained with the developed instruments.

ADVANTAGES AND LIMITATIONS

Three major advantages of cooling the optics, the detector,
and the associated mounting structures of an infrared FTS are:

£ (1) Improved sensitivity of the detector resulting in improved
: sensitivity of the spectrometer; (2) elimination cr xeduction
of unwanted background signals from instrument self-emissions; }
i
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and (3) stabilized optical alignment characteristics due to
temperature stabilization. Each of these advantages is
briefly evaluated herein and some associated limitations or
considerations are given.

Sensitivity Considerations

The noise equivalent spectral radiance (NESR) of an FTS
which characterizes its sensitivity can be expressed as

NESR = NEP w/cmsr cm-l, (1)

A Q Ac Ng é&

where A is the ccllecting area, @ is the solid angle field of
view, Ac is the spectral i1esolution in em~1, ng is the total
efficiency of the spectrometer, and t is the measurement time
in seconds. An equivalent expression for a standard Michelson
interferometer-spectrometer is

NESR =—g i £/¢ (2)

5
D m Av D0 ns (m As Ao t)

where Do is the diameter of the optics, As is the shortest
wavelength of interest in centimeters, f/# is the focal length
divided by the diameter of the detector collecting optics,
and D* is the detectivity figure of merit of the infrared
detector in cm (dz}%/watt. From Equations (i) and (2, it
is apparent that the NESR of the spectrometer is prcportional
to the NEP of the detector or inversely proportional to the
D* of the detector. Thus, as expected, the sensitivity of a
spectrometer can be improved by increasing the D* of its
detector.

The D* of most state-of-the-art photon detectors can be
significantly increased by cooling the backyground around them.
To understand the magnitude of this improvement, it is

worthwhile to consider the characteristics of an idealistic

.
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photon detector which is free from noise except for the noise

generated by the random arrival of photons. As explained by

Hudson [1969] and Huppi [1977], the theoretical D* of an
ideal photon detector is given by

D* -.-.E_l.l _r]..’5 Mﬁi‘ (3)
A 2hc (Qb) W

where C1 is a constant equal to v2 for photovoltaic detectors
and 1 for photoconductive detectors, A is the wavelength in
micrometers, h is Planck's constant (6.625 x 10”34
¢ is the velocity of light (3 x 1014 um/sec), n is the detector's
quantum efficiency ranging from 0 to 1, and Qb is the total
photon flux density falling on the detector (photons/cm2 sec) .
Thus, for the idealized detector, the D* ig limited by the

W secz),

flux density (Qb) of the background seen by the detector. If
the detector views a blackbody background of known temperature,

then Qb as a function of detector cutoff wavelength, AC, and
temperature, T, is given by

8
Q (A sT) ={ e x 10 ar. (4
% A7 exp (Hc/AKT)-1

Using this equation, the plot shown in Figure 1 was generatad
to illustrate reductions in Qh which are obtainable under
reduced temperature conditions. For example, when a blackbody
background seen by a detector with a 5 um cuteff wavelength is
cooled from 300°K to 80°K, the radiant photon emittance is
reduced from 1016 to 104 photons/sec cmz. Theoretically,
Equation (3) w?gl: predict this to increase tkre D* of the
1

detector by (1077)* or 106, and from Equation (2) it is apparent

that the NESR of a spectrometer wculd be reduced by 106; or

. , , 6. L
in other words, the instrument would be 10  times as sensitive,
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In practice, the D" of a detector is limited to a value
less than the theoretical maximum described by Equation (3).
As the noise due to background photons is reduced, other
sources of noise become significant and dominant. Once these
other noises dominate, no increase in sensitivity is obtained
with further cooling of the background. To gain an under-
standing of this effect, consider the total noise current of
a detector and preamplifier which is

[
J

(.2 . 2 + 12)%

= (i L+ .
n background noise source noise o (5)

or, equivalently

. 2 2
ln_ (n Nb 2 BW e +n Ns 2 BW e

s (6)

+ ig)
where Nb and NS are the number of photons per second striking
the detector from the background and source respectively, BW
is the electric bandwidth, e is the charge of an electron,

n is the quantum efficiency of the detector and i° is a noise
current generated from all sources of excess noise such as
Johnson noise, 1/f noise, preamplifier noise, etc. As an
infrared FTS is cooled, the background noise terms of Equations
{5) and (6) become insignificant and one or both of the other
two noise sources will dominate. If the source is sufficiently
weak, then the noise is likely to be dominated by the excess
noise terms, and the detectors, signal-to-ncise ratio is
directly proportional to the number of source photons. The
ratio can ke expressed as

S/N = 1 is (7)
(o]

where is is the signal current generated from the source photons.

Under these conditions, the noise is independent of the signal,
and the noise is set by the internai characteristics of the

S
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detector and preamplifier components. The "multiplex advan-
tage" of an FTS interferometer is typically a useful charac-
teristic under these conditions provided proper electrical
processing and filtering is used. If the source is sufficiently
intense, the noise is dominated by the random arrival of source
photons and the signal-tco-noise ratio is given by

: ¥

i (h N_)

i }
n (2 BW)

The signal-to-noise ratio is no longer directly proportional
to the source photons. It is only proportional to the square
root of the source photons. Under these source noise limited
conditions, a Michelson FTS can very easily lose the elifective-
ness of its multiplex advantage since the noise at each wave-
length is dependent on the total photons falling on the
detector from all source emissions within the entire free
spectral range of the interferometer. For example, the
"multiplex advantage" definitely beccmes a disadvantage for
measurements of weak spectral features if there are other
strong emitters in the free spectral range of {the instrument
which dominate the noise. For some of these types of measure-
ments, a large throughput, cryogenically cooled, sequential
scanning spectrometer can often be used more effectively than
an FT interferometer-spectrometer.

Additional detector-related complications often occur in
cryogenically cooled FT-IR interferometer-spectrometer appli-
caticns. Many detectors operating in cold backgrcound conditions
develop nonlinear and other undesirable characteristics which
must be considered. It is often necessary to accept lower
sensitivities to avoid these characteristics. A typical
example of a nonlinearity, which occurs in many doped,

extrinsic silicon detectors (Si:XX), is illustrated in Figure 2.

10
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Figure 2., Theoretical photoconductive gain character-
istics of an Si:As detector as a function of
bias voltage and frequency.
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Figure 3. Detector responsivity as a function of

frequency for different input photon flux
levels.
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As shown, the photoconductive gain of the detector is
characterized by a single short time constart, Tor if the
bias voltage is below V4. However, if the bias voltage is ‘

increased above v4, the photoconductive gair is enhanced at
1

frequencies below rp- , &nd the photoconductive gain is

characterized by two time constants, To and rp. Wtlliames [1969]

points out that this low frequency enhancement originates ’
from space-charge relaxation which is commonly referred to as

dielectric relaxation. In addition to being bias dependent, ’ f
the time constant which characterized the dielectric-relaxation ;
enhancement is dependent on the incident photon flux level.

As shown in Figure 3, the photoconductive gain response varies
instantaneously with flux changes. Increasing the photon flux
from QBl to QBZ increases the frequency where the enhancement
occurs. If an FT interferometer-spectrometer is designed to
operate at frequencies around this dielectric enhancement
region, several potential problems could occur. First, since
the frequency response of the detector varies instantaneously
with input flux, the instrument becomes almost impossible to

calibrate. Secondly, if harmonic distortions are generated

from this instantaneously changing respcnse during a source

measurement, erroneous spectral features will occur in the

measured spectra. As indicated in Figure 2, the problem can %
be avoided by reducing the bias voltage below V4. However, in

actual practice the photo-conductive jain wust be decreased to

about .3 instead of the theoretical value of .5 shown in

Figure 2. In addition to eliminating the nonlinearity problems,

-

this bias reduction also reduces or eliminates noise from

“spiking" which is another undesirable characteristic of the

detector that occ'rs under low background conditions. The

negative aspect of the bias reduction is the corresponding -
limitation placed on the sensitivity which forces the operation

of an FTS to bhe lower than would commonly be predicted. .

R
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Background Reduction

Cooling an FT-IR interferometer-spectrometer reduces
unwanted background signals from instrument self-emissions.

If the instrument is cooled to a low enough temperature, the
self-emissions can be made negligible relative to the noise
level of the instirument. Under these conditione, measurements
can be made and the calibration of the instrument can be
performed easily and reliably, since there is no background
signal from the instrument that needs to be subtracted from

the measured signal. Typically, this background reduction also
reduces the dynamic range requirements of the signal processing
equipment. On the other hand, calibrations and measurements
made with an uncooled or partially cooled instrument can be
complicated if the signals are weak enough to require conti-
nuous subtraction of the instrumental self-emissions.

The magnitude of the self-emission background problem can
be understood by considering the spectral emission characteris-
tics of a blackbody at various temperatures as shown in Figure
4., The blackbody curves can be used as guidelines since they
give the maximum possible background from self-emissions of the
instrument. Actual instrument emissions are typically lower
than these blackbody emissions because their effective emissi-
vity is considerablv less than the emissivity of a blackbody.
As shown in Figure 4, it would be difficult to measure a source
having a radiance of less than lO'9 W/cm2 Sr um at any wave-
length between 5 and 31 um with an instrument operating at
300°K since the blackbody emissions are more than 5 orders of
magnitude larger than the source emissions. Thus, even if
the effective emissivity of the instrument is .01 the unwanted
background spectral emissions would be more than 3 orders of
magnitude above the signal. However, if the instrument is
cooled to approximately 10°K, which is easily accomplished
with liquid helium, the unwanted self-emissions of the instru-

9 2

ment become insignificant relative to the 10 ° W/cm®sr um

signal.

13




"3IYbTI Byl
UG 9TedS Tedi3I9A 3yl 03 butpuodsaixod sdoueiper Texidads
S3UelSUOD 30 SINOJUOD BIk SIUTT paysep 3yl ‘soanjeradwsl

SnotaeA I0J Yjbusalssem snsion soueipea Teijoads ApoqixoeTd ‘y 2anbrg
SNOYIIN
pbi-
-3
]
@
N {
o
3 < L
N — . W
2 X
\qwll : wh .
o o
2 ;
|
A
JONVIOVY TVH103dS AQO8MIV8
yd - - + )




There are several techniques that have been developed to
reduce, eliminate, or remove the unwanted self-emission back-
grounds from the source signal cof a spectrometer without
cooling it., For example, the instrument background can be
substantially reduced by employing low emissivity mirrors,
anti-reflection coated optics, optical systems which image
cold detectors back upon themselves, and spectral band-limiting
cold filters. The unwanted background can be further removed
through the use of cold reference sources as summarized by
Ruppt [1977]. However, these cold reference subtraction
technigues are not always simple to perform and they often give
less than satisiactory results. Thus, considering the cryoygenic
technology which has been recently developed and successfully
used by USU, AFGL and others, it is probably as simple and it
is definitely better to reduce the background self-emissions
of an infrared, interferometer-spectrometer by cooling the
entire instrument.

Optical Alignment Stabilization

Cryogenically cooling an FT-IR interferometer-spectrometer
with a properly designed dewar and mounting system stabilizes
its operating temperature. The stabilized temperature elim-
inates unwanted movements of the optical components due to
thermal expansions and contractions. As a result, the optical
components which form the interferometer stay in very good
alignment while the instrument remains cold, and a very stable
response is produced.

Tests on a Michelson interferometer-spectrometer similar
in design to the one used in DNA's EXCEDE program [Xemp and
Huppi, 1980] indicate that the response of a spectrometer can
remain const.nt within %1% over several dass if it is kept
continuously cold. Thus, the periodic need to calibrate an
interferometer throughout a measurement sequence can be avoided.
This can be of significant importance when it is desirable to

15
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make very accurate comparisons between spectra taken in a
measurement sequence which extends over a period of time.

Cooling an interferometer-spectrometer strictly to gain
alignment stability is probably not justifiable in most cases,
but it is a nice improvement which adds to the advantages of
cryogenically cooled FTS systems.

INSTRUMENTATION DESCRIPTIONS AND MEASUREMENT EXAMPLES

A number of cryogenic FT-IR Michelson interferometer-
spectrometers have been developed and operated by USU and AFGL.
Three different types of mirror-drive mechanisms have been
used in these instruments, and examples of each are presented
in this section.

Interferometer Incorporating Flex Pivot Drive System

A pictorial view of a very compact Michelson interferometer

modulator cube and drive mechanism is shown in Figure 5. The
unit has been cryogenically cooled, and Kemp and Huppi [1980]
have reported on its use in a rocket-borne application. It
has also been used in a reduced temperature Lalloon-borne
application by Hupp? et al. [1979]. The interferometer design
is patterned after one which was initially developed by John
Rex of AFGL. A parallelogram arrangement with pivots at the
corners is used to translate 2 movable end mirror in a
standard Michelson modulator arrangement. Figure 6 is a
detailed drawing of the drive mechanism. The pivot points

and three sides of the parallelogram structure are shown.

The fourth side is formed by a portion of the cube structure
which locates and fastens the two upper sets of pivots.
Friction-free flex pivots made by Bendix, Inc., are used

to allow rotation at the pivot pocints. A torque motor is

used to change the angles formed at the corners of the
parallelogram. Almost constant mirror velocity is maintained
by using velocity and position feedback obtained from a
tachometer and differential transformer. Parallel translation

16
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Figure 5a. Cryogenically coolable interferometer
cube and drive mechanism,

Figure S5b. Optics and drive parts of the inter-
ferometer.
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of the mirror surface results as long as the opposite sides of
the parallelogram are kept equal in length. The lengths remain
equal if they are made from the same type of aluminum and if
they are uniformly cooled. Typically, the mirror surface varies
less than 1 arc sec over a .53 cm translation distance which

is obtainable with the small cube and drive assembly. The
overall nhysical size is approximately 4 in.x 4 in. x 7 in.

Either conductive cr convective cooling techniques can
be used to cool the interferometer. A dewar arrangement that
has been developed for rocket-borne use and provides convective
cocling is shown diagrammatically in Figure 7 and pictorially
in Figure 3. As shown, the interferometer is conductively
bolted to a cold finger and placed in a sealed chamber which
has been evacuated and back-filled to one third of an atmos-
phere with N2 gas. This chamber and the c¢ryogen chamber are
thermally isolated from the outer shell by a vacuum envelope
and many layers of super insulation. Very uniform cooling of
the interferometer parts is accomplished through the use of
this technique, and excellent performance has been obtained.
However, the sealed chamber and the sealed window which are
used in the technique complicate the dewar design and limit the
useable spectral range to the transmission region of the window.
Therefcre, a conductive couling approach is sometimes more
desirable. The flex-pivot interferometer can be cooled
conductively by adding copper straps to the rear portion of the
parallelogram drive mechanism as shown in Figure 9. The main
structure of the cube must then be bolted to a cold finger in
a dewar as before,

Both cooling techniques provide an excellent mechanism for
achieving improved sensitivity, reduced background self-radiation
emissions, and stable optical alignment characteristics. NESR's
in the range of 1071 w/em? sr chl

1.6 second time interval at 2 cm - spectral resolution with a

have been obtained in a

flex-pivot instrument operating at 77°k incorporating an InSb
detector.
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Figure 8,

Pictorial view of interfe.ometer
dewar with convective cooling chamber.

Figure 9,

Flex-pivot interferometer with
conductive cooling straps.
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Interferometer Incorporating Ball Bearing Slide Mechanism

Another Michelson interferometer system which has been
successfully used in a rocket-borne upper atmospheric measure-~
ment application is shown in Figure 10. The instrument was
developed for AFGL cooperatively by Idealab and Honeywell
Radiation Center, and its characteristics have been reported
by Bohrne, et al. [1975]). The instrument is cooled by conduction
to approximately 10°K with a super critical liquid helium system.
The interferometer base is mounted to the helium storage chamber
at only one point in the right-hand portion cf the dewar as
shown in Figure 10. The various parts of the instrument are
cooled and thermally stabilized with conductive copper straps.
The slide mechanism consists of a ball bearing and V groove
arrangement made from A-2 steel as is the entire interferometer
structure. One mirror surface of the standard plane mirror
Michelson interferometer arrangement can be translated a
maximum distance of 1.1 cm, and the total angular variation of
its surface 1s about 5 arc seconds throughcut the translation.
The instrument uses an Si:As detector to cover the 4 to 20 um

spectral range. NESR's in the range of 1 x 10711

1

W/cm2 sr cm L
have been obtained at 2 cm ~ resolutions in a 0.5 second

measurement time,

Field-Widened Interferometer Incorporating

Gas-Luhricated Slide System

A group of very sensitive cryogenically cooled interferometer-
spectrometers having a large collecting area and a wide field
of view have been developed by Utah State University. The
optical design used in the instruments was first proposed by
Bouchareine and Connes [1963] and the implementation of the
design into practical, cryogenically coolable instruments has
been described by Steed [1979]. The technique uses prisms as

end mirrors to accomplish field-compensation or field-widening.

22
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Figure 10.

Conductively cooled Michelson interferometer

and dewar system (courtesy of Honeywell Radiation
Center, Lexington, Mass.).
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The optical path difference between the two paths of the
interferometer is changed by translating a wedge to vary the
thickness of the optical material in one arm. An optical
layout of the system is shown in Figure 11. The instrument
uses an electromagnetically driven gas-lubricated slide
assembly to translate the movable wedge. This slide assembly
is the most critical mechanical component in the interferometer
since very precise translation of the wedge and mirror is
needed. A drawing of the slide assembly is shown in Figure 12,
the pictorial views of actual slides developed for ground
operation and rocket-borne use are shown in Figure 13. The
movable portion of the slide has a trapezoidal cross section
and fits precisely between three gas-lubricated bearing surfaces.
The slide can move a total distance of 5 cm and maintain less
than 0.1 arc seconds of tilt. Cold gaseous N2 or He is used
for the bearing lubricant. The gas lubricant is obtained from
a liquid reservoir which is heated to produce the cold gas.

The cold gas supplied to the bearing also convectively cools
the instrument, since it flows into a chamber containing the
instrument after it escapes from the bearing. As the pressure
builds up in the cold chamber, the cold gas is released around
an optical viewing window in the chamber. If N2 gas is used,
the window is kept frost free by the cold N, gas which escapes
around the window. This is acccmplished by placing a baffle
around the window so that the cold gas, which is heavier than
the ambient air, will collect on top of the window and prevent
the moist air from making contact with it. A pictorial view of
a ground-based field-widened interferometer system which incor-
porates these cooling techniques is shown in Figure 14.

A sample of some data collected with the ground-based
interferometer-spectrometer is shown in Figure 15. It consists
of a night sky emission spectrum of upper atmospheric hydroxyl
emissions. The instrument incorporated a liquid nitrogen cooled
optical system and a liquid helium cooled bismuth doped silicon
detector to obtain a very high sensitivity. As shown in the
data, the noise level of the instrument is extremely small.
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Figure 13a,

Figure 13b.

Cryogenically coolable gas-
lubricated slide developed
for ground-based use.

Cryogenically coolakle gas-
lubricated slide developed
for rocket-borne use.
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Figure

14, Ground-based field-widened
system.
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arnd excellent signal-to-noise measurements were obtained of
the weak hydroxyl emissions over the 10-minut¢. measurement time.
Figure 16 shows an example of some data taken with a
cryogenically cooled rocket-borne field-widened interferometer
viewing the night sky at 74.2 degrees elevation from an altitude
of 97.03 km., The spectrum consists of very weak nitric oxide
and carbon dioxide emitters which apparently are still »~ 3ent
at the measurement altitude. The H20 emissions in the spectrum
probably come from small amounts of water which were outgased
from the payload. The NESR of the cryogenically cooled
interferometer-spectrometer which measured the spectrum was

less than 2 x 1013 W/cm2 sr em ¥ at 5 um for a 1.5 second

measurement time and a spectral resolution of 2 cm—l. The
optics and instrument structures were cooled with liquid N2,
and the extrinsic silicon detector was cooled with liguid He.
The excellent sensitivity obtained with the spectrometer is
orders of magnitude better than any known uncooled spectrometer
that has been developed for the same spectral region, and thus,

the major advantage of cryogenic cooling is very apparent.

CONCLUSIONS

Cooling an FT-IR interferometer-spectrometer can substan-
tially improve its sensitivity, reduce or sliminate its unwanted
background signals from self-emissions, and stabilize its
optical alignment. The improvements in performance increase the
capability of a spectrometer to spectrally measure weak infrared
sources which otherwise could not be measured. Although the
advantages of cryogenic cooling can be significant, several
undesirable characteristics can occur which limit the improve-
ments. Since some of these limitations are source dependent, it
is necessary to understand the limiting characteristics before
attempting to develop a cryogenically cooled spectrometer for

a specific application.
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Concord, MA 01742

Attn: Emuett A. Sutton

Denver, University of

Colorado Seminary

Denver Research Institute

P.0. Box 10127

Denver, CO 80210

Attn: Sec. Officer for Van Zyl

Denver, University of

Colorado Seminary

Denver Research Institute

P.0. Box 10127

Denver, CO 80210

Attn: Sec Officer for D. Murcray

General Electric Company
Tempo-Center for Advanced Studies
816 State Street (P.0. Drawer QO)
Santa Barbara, CA 93102

Attn: DASAIC

General Electric Company
Tempo-Center for Advanced Studies
816 State Street (PO Drawer QO)
Santa Barbara, CA 93102

Attn: Warren S. Knapp

General Electric Company
Tempo-Center for Advanced Studies
816 State Street (PO Drawer Q0)
Santa Barbara, CA 93102

Attn: Tim Stephens
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General Elect:iic Company
Tempo-Center for Advanced St.
816 State St. (PO Drawer QO)
Santa Barbara, CA 93102
Attn: Don Chandler

General Electric Company
Tempo-Center for Advanced St.
816 State St. (PO Drawer QO0)
Santa Barbara, CA 93102
Attn: B. Cambill

General Elec. Co. Space Div.
Valley Forge Space Center
Goddard Blvd.

King of Prussia

P.0O. Box 855§

Philadelphia, PA 19101
Attn: M. H. Bortner

Space Science Lab

General Elec. Co. Space Div.
Valley Forge Space Center
Goddard Blvd.King of Prussia
P.O. Box 8555

Philadelphia, PA 19101

Attn: J. Burns

General Elec. Co. Space Div.
Valley Forge Space Center
Goddard Blvd.King of Prussia
P.O. Box 8SS5S

Philadelphia, PA 19101

Attn: F. Alyea

General Elec. Co. Space Div.
Valley Forge Space Center
Goddard Blvd.King of Prussia
P.O. Box 8555

Philadelphia, PA 19101

Attn: P, 1. Sands

General Elec. Co. Space Div,
Valley Forge Space Center
Goddard Blvd.King of Prussia
P.O. Box 8555

Philadelphia, PA 19101

Attn: R. H, Edsall
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General Blec. Co. Sgace Div.
Valley Forge Space Center
Goddard Blvd.King of Prussia
P.O0. Box 8555

Philadelphia, PA 19101

Attn: T. Baurer

General Research Corporation
P.0. Box 3587

Santa Barbara, CA 93105
Attn: John Ise, Jr.

Geophysical Institute
University of Alaska
Fairbanks, AK 99701
Attn: D. Henderson

Geophysical Institute
University of Alaska
Fairbanks, AK 99701

Attn:

Geophysical Institute
University of Alaska
Fairbanks, AK 99701

Attn: B. J. Watkins

Geophysical Institute
University of :laska
Fairbanks, AK 99701
Attn: T. N. Davis

3eophysical Institute
University of Alaska
Fairbanks, AK 99701
Attn: R. Parthasarathy

Geophysical Institute
University of Alaska
Fairbanks, AK 98701
Attn: Neal Brown

Lowell, University of

Center for Atmospheric Research

450 Aiken Street
Lowell, MA 01854
Attn: G. T. Best
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J. S. Wagner Physics Dept.
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Lockheed Missiles § Space Co.
3251 Hanover Street

Palo Alto, CA 94304

Attn: John Kumer Dept 52-54

Lockheed Missiles § Space Co.
3251 Hanover Street
Palo Alto, CA 94304
Attn: John Cladis Dept 52-12

Lockheed Missiles § Space Co.
3251 Hanover Street
Palo Alto, CA 94304
Attn: P. McCormac Dept 52-54

Lockheed Missiles § Space Co.
3251 Hanover Street

Palo Alto, CA 94304

Attn: T. James Dept 52-54

Lockheed Missiles & Space Co.
3251 Hanover Street

Palo Alto, CA 94304

Attn: B. Reagan Dept £2-12

Lockheed Missiles § Space Co.
3251 Hanover Street

Palo Alto, CA 94303

Attn: M. Walt Dept 52-10

Lockheed Missiles § Space Co.
3251 Hanover Street
Palo Alto, CA 94304
Attn: R. Johnson Dept 52-12

Lockheed Missiles § Space Co.
3251 Hanover Street

Palo Alto, CA 94304

Attn: R. Sears Dept 52-14

Lockheed Missiles § Space Co.
3251 Hanover Strect

Palo Alto, CA 94304

Attn: J. R. Winkler

Institute for Defense Analyse
400 Army-Navy Drive
Arlington, VA 22202
Attn: Ernest Bauer
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Institute for Defense Analyse
400 Army-Navy Drive
Arlington, VA 22202

Attn: Hans Wolfhard

Mission Research "orporation
735 State Street

Santa Barbara, CA 93101
Attn: D. Archer

Mission Research Corporation
735 State Street

Santa Barbara, CA 93101
Attn: D. Fischer

Mission Research Corporation
735 State Street

Santa Barbara, CA 93101
Attn: M. Scheibe

Mission Research Corporation
735 State Street

Santa Barbara, CA 93101
Attn: D, Sappenfield

Mission Research Corporation
735 State Street

Santa Barbara, CA 93101
Attn: D. Sowle

Photometrics, Inc.

442 Marrett Road
Lexington, MA 02173
Attn: Irving L. Kofsky

Physical Dynamics, Inc.
P.O. Box 1069

Berkeley, CA 94701
Attn: J. B. Workman

Physical Dynamics, Inc,
P.0. Box 1169

Berkeley, CA 94701
Attn: A. Thompson

Physical Sciences, Inc.
30 Commerce Way
Woburn, MA 01801
Attn: Kurt Wray
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Physical Sciences, Inc,
30 Commerce Way

Woburn, MA 01801

Attn: R, L. Taylor

Physical Sciences, Inc.
30 Commerce Way

Woburn, MA 01801

Attn: G. Caledonia

Physics International Co.
2700 Merced Street

San Leandro, CA 94577

Attn: Doc Con for Tech Lib

Pittsburgh, University of
Commonwealth Sys of Higher Ed.
Cathedral of Learning
Pittsburgh, PA 15213

Attn: Wade L. Fite

Pittsburgh, University of
Commonwealth Sys of Higher Ed.
Cathedral of Learning
Pittsburgh, PA 15213

Attn: Manfred A. Biondi

Pittsburgh, University of
Commonwealth Sys of Higher Ed.
Cathedral of Learning
Pittsburgh, PA 15213

Attn: Frederick Kaufman

Pittsburgh, University of
Commonwealth Sys of Higher Ed.
Cathedral of Learning
Pittsburgh, PA 15213

Attn: Edward Gerjuoy

Princeton Univ. Trustees of
Forrestal Campus Library
Box 710

Princeton University
Princeton, NJ 08540

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: Richard Latter

s . s s 14 S0 1



R § D Associates

P.0. Box 9685

Marina Del Rey, CA 90291
Attn: R. G. Lindgren

R § D Associates

P.0. Box 9685

Marina Del Rey, CA 90291
Attn: Bryan Gabbard

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: H. A. Oru

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: Robert E. Lelevier

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: R, P. Turco

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: Forrest Gilmore

R § D Associates

P.0. Box 9695

Marina Del Rey, CA 90291
Attn: D. Dee

R § D Associates

Science Applications, Inc.
P.0. Box 2351

La Jolla, CA 92038

Attn: Daniel A. Hamlin

Science Applications, Inc.
P.0. Box 2351

La Jolla, CA 92038

Attn: David Sachs

Space Data Corporatinn
1333 W. 21st St.
Tempe, AZ 85282
Attn: Edward F. Allen

SR] International
333 Ravenswood Avenue

Menlo Park, CA 94025
Attn: M. Baron

SRI International

333 Ravenswood Avenue
Menlo Park, CA 94025
Attn: L. Leadabrand

SRI International

333 Ravenswood Avenue
Menlo Park, CA 94025
Attn: Walter G. Chestnut

SRI International

1611 North Kent Street
Arlington, VA 22209
Attn: Warren W. Berning

SRI International

1815 N. Ft. Myer Drive 11th £f1.3611 North Kent Street

Arlington, VA 22209

Attn: Herbert J. Mitchell

R § D Associates

Arlington, VA 22209
Attn: Charles Hulbert

Stewart Radiance Laboratory

1815 N, Ft. Myer Drive 11th f1.139 The Great Recad

Arlington, VA 22209
Attn: J. W. Rosengren

Rand Corporation

1700 Main Street

Santa Monica, CA 90406
Attn: Cullen Crain
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Bedford, MA 01730
Attn: R. J. Huppi

(25 copies)

Technology International Corp.

75 Wiggins Avenue
Bedford, MA 01730
Attn: W. P. Roquist
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United Technologies Corp.
755 Main Street

Hartford, CT 06103

Attn: H. Michels

United Technologies Corp.
755 Main Street

Hartford, CT 06103

Attn: Robert Bullis

Utah State University
Logan, UT 84322
Attn: Doran Baker

Utah State University
Logan, UT 84322
Attn: Kay Baker

Utah State University
Logan, UT 84322
Attn: C. Wyatt

Utah State University
Logan, UT 84322
Attn: D. Burt

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: Henry J. Smith

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: J. W. Carpenter

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: William Reidy

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: T. C. Degges

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: Charles Humphrey

Visidyne, Inc.

19 Third Avenue

Northwest Industrial Park
Burlington, MA 01803
Attn: J. Reed

Wayne State University
1064 MacKenzie Hall
Detroit, MI 48202
Attn: Pieter K. Rol
Chem Engrg & Mat Sci

Wayne State University
1064 MacKenzie Hall
Detroit, MI 48202
Attn: R. H. Kummler

Wayne State University
Dept. of Physics

Detroit, MI 48202

Attn: Walter E. Kauppila

Yale University
New Haven, CT 06520
Attn: Engineering Dept.

AF Geophysics Laboratory, AFSC
Hanscom AFB, MA 01731
Attn: OPR B. Sandford

(10 copies)

Director

Defense Advanced Rsch Proj Apcy
Architect Building

1400 Wilson Blvd,

Arlington, VA 22209

Attn: §S. Zakanycz /STO

Director

Defense Advanced Rsch Proj Agcy
Architect Building

1400 Wilson Blvd,

Arlington, VA 22209

Attn: P. Clark /STO
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Director

Defense Advanced Rsch Proj Agcy
Architect Building

1400 Wilson Blvd.

Arlington, VA 22209

Attn: E. Kopf /STO

Director
Defense Advanced Rsch Proj Agcy
Architect Building
1400 Wilson Blvd.
Arlington, VA 22209
Attn: Program Management
(MIS Division)
(2 copies)

Director

Defense Advanced Rsch Proj Agcy
Architect Building

1400 Wilson Blvd.

Arlington, VA 22209

Attn: J. Jenney /STO

Commander

Naval Electronics Systems Command
Naval Electronics Systems Command Hq.
Washkington, DC 20360
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0SD-ASDI the Pentagon
Washington, DC 20301
Attn: Mr. W. Henderson

0SD-ASD1 the Pentagon
Washington, DC 20301
Attn: Mr. A. Albrecht

US Arms Control § Disarmament
Agency

Department of State
Washington, DC 20451

Attn: Dr, F. Elmer

Commander, US Army Missile
Command

Redstone Arsenal, AL 35809
Attn: DRDMI-NS Mr. Drake

Commander, US Army Missile
Comnand

Redstone Arsenal, AL 35809
Attn: DRDMI,/REI Mr. Jackson

Missile Intelligence Agency
Redstone Arsenal
Huntsville, AL 35809

Attn: DRSMI-YDL

Hq USAF
Washington, DC 20330
Attn: Col L. Deliso, RDSD

Rq USAF
Washington, DC 20330
Attn: Lt Col C. Beimach, RDSD

Hq USAF
Washington DC 20330
Attn: Lt Col G. Watts, RDSD

Air Force Systems Command
Andrews Air Force Base
Washington, DC 20334

Attn: Capt D. Beadner, DLCEA
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Air Force Systems Command
Andrews Air Force Rase
Washington, DC 20334

Attn: Maj W. Kurowski, XRID

SAMSO, P.O. Box 92960
Worldwide Postal Center

Los Angeles, CA 90009

Attn: Col J. McConrmick, S2Z

SAMSO, P.O, Box 92960
Worldwide Postal Center

Los Angeles, CA 90009

Attn: Col R. ¥. Johnson, DY

SAMSO, P.0O. Box 92960
Worldwide Postal Center

Los Angeles, CA 90009

Attn: Lt Col R. Shields, SZD

SAMSO, P.0O. Box 92960
Woridwide Postal Center
Los Angeles, CA 90009
Attn: Lt Col E. Gee, DYA

Rome Air Develop. Center, AFSO
Griffiss Air Force Base

Rome, NY 13440

Attn: Mr. D. D, Dylis, IRAD

Air Force Propulsion Lab
Edwards Air Force Base, CA 93523
Attn: Dr. J. D. Stewart

Air Force Armament Lad
Eglin Air Force Base, FL 32542
Attn: Capt W. Rothschild, DLMQ

Foreign Technology Oivision
Wright-Patterson AFB OH 45433

Attn: Mr., T. Larson

Foreigh Technology Division
Wright-Patterson AFB OH 45433

Attn: Mr. R. C. Frick
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Air Force Avionics Lab

Air Force Systems Command
Wright-Patterson AFB, OH 45433
Attn: MNr. W, Edwards

Arnold Engineering Development
Center, TN 37389
Attn; Dr. H. E. Scott

Arnold Engineering Development
Center, TN 37389
Attn; Dr. WN. K. McGregor

Arnold Engineering Development
Center, TN 37389
Attn: Dr. C. Peters

Naval Weapons Center
China Lake, CA 93555
Attn: Mr. W. L. Capps

Naval Weapons Center
China Lake, CA 93555
Attn; Dr. M. Benton

Naval Weapons Center
China Lake, CA 93555
Attn: Dr. L. Wilkins

Central Intelligence Agency
Washington, DC 20505
Attn: Mr. Berguist

Aerospace Corporation
El Segundo Operations
P.0. Box 95085

Los Angeles, CA 90045
Attn: Dr. F. Simmons

Aerospace Corporation
El1 Segundo Operations
P.0O. Box 95085

Los Angeles, CA 90045
Attn: Dr. R. Lee

Aerospace Corporation
El Segundo Operations
P.0. Box 95085

Los Angeles, CA 90045
Attn: Dr. C. Randall
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Aerospace Corporation
El Segundo Operations
P.0. Box 95085

Los Angeles, CA 90045
Attn: Dr. H. Graff

Aerospace Corporation
El Segundo Operations
P.0. Box 95085

Los Angeles, CA 90045
Attn: Dr. J. Ator

Institute for Defense Analysis
400 Army-Navy Drive

Arlington, VA 22202

Attn: Dr. H. G. Wolfhard

Institute for Defense Analysis
400 Army-Navy Drive

Arlington, VA 2:202

Attn: Dr. L. Biberman

Aerodyne Research, Inc.
Bedford Research Park
Crosby Drive

Bedford, MA 01730

Attn: Dr. J. Draper

Aerody e Research Inc.
Bedford Research Park
Crosby Drive

Eedford, MA 01730
Attn: Dr. H. Camac

Block Engineering

19 Blackstone Street
Cambridge, MA 02139
Attn: Dr. M. Weinberg

Carson System, Inc.

4630 Campus Drive
Newport Beach, CA 92660
Attn: Dr. John Carson

CALSPAN

4455 Genesee St.
Buffaio, NY 14221
Attr:: Dr, C. Treanor




CALSPAN

4455 Genesee St.
Buffalo, NY 14221
Attn: Dr. W. Wurster

Environmental Research Inst of
Michigan

P.0. Box 618

Ann Arbor, MI 48107

Attn: Mr. G. Lindquist

Environmental Research Inst of
Michigan

P.0. Box 618

Ann Arbor, MI 48107

Attn: Mr. R. Legault

GASL

Merrick § Stewart Avenues
Westbury, NY 11590

Attn: R. R. Vaglio-Laurin

Grumman Aerospace Corp.
Research Dept - Plant 35
Bethpage, Long Island, NY 11714
Attn: Dr. M. Slack

Grumman Aerospace Corp.
Research Dept - Plant 35
Bethpage, Long Island, NY 11714
Attn: Dr. D. Moyer

Hughes Aircraft Company
Culver City, CA 90230
Attn: Mr. I, Sandback

Lockheed Missiles & Space Co.
3251 Hanover Street
Palo Alto, CA 94304
Attn: Dr. D. Pecka

Lockheed Misiles § Space Co.
3251 Hanover Street
Palo Alto, CA 94304
Attn: Dr. E. Smith

Riverside Research Institute
1701 Fort Myer Drive
Arlington, VA 22209
Attn: R. C. Passut
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Rockwell International Corp.
Space Division/SF12

12214 S, Lakewood Rlyd.
Downey, CA 90241

Attn: Richard T. Pohlman

Science Applications, Inc.
P.0O. Box 2531

La Jolla, CA 92037

Attn: Dr. Jim Myer

Defense Intelligence Agency
Washington, DC 20301
Attn: Mr, S. Berler DT-1A

RED Associates

4640 Admiralty Way

P.0. Box 9695

Marina Del Ray, CA 90291
Attn: Mr., Bryan Gabbard

General Electric Company
Aircraft Engine Group

Evandale Plant

Cincinnati, OH 45215

Attn:; B. Wilton, Mail Code E198

Boeing Aerospace Co.

P.0. Box 3707

Seattle, WA 98124

Attn: D.M. Owens M/S 8H27

Northrup Aircraft Division
3901 W. Broadway
Hawthorne, CA 90250

Attn: Dr. J. Cashen

Air Force Avionics Ladb
Wright-Patterson AFB, OH 45433
Attn: Dr. R. B. Sanderson/WRP

Air Force Avionics Lab
Wright-Patterson AFB, OH 45433
Attn; B. J. Sabo/WRA-1/Library

Aeronautical Systems Division
Wright-Patterson AFB, OH 45433
Attn: D.J. Wallick/ENFTV
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Aeronautical Systems Division
Wright-Patterson AFB, OH 45433
Attn; Major L. Rasten/AEWA

Air Force Flight Systems Lab/FXB
Wright-Patterson AFB, OH 45433
Attn: Dan Fragga

Hq Strategic Air Command/XPES
Offutt AFB, NE 68113
Attn: Major B. Stephen

(2 copies)

Air Force Technical Applications
Center/TAS

Patrick AFB, FL 32925

Attn: Capt R, Zwirnbaunm

sy RS gy

i .l S S



